Because diamond has the highest atomic density of any material, with a molar density of 0.293 g-atom/cm 3, diamond is the stiffest, hardest, and least compressible of all substances. Tribologically, the real area of contact A is small. Nevertheless, the adhesion and friction of diamond are high in ultrahigh vacuum if the interface is atomically clean and dangling bonds are ready to link up with the counterfacing material surface [9.9, 9.10]. As discussed in Chapter 4, the adhesion and friction of materials are directly related to sA or 7A. The dangling bonds, high shear strength s, and high surface energy 7 of a clean diamond surface not only provide high friction but also produce high diamond wear due to high adhesion in ultrahigh vacuum. This subject is discussed in Section 9.6. 
Contaminated

CVD Diamond Film Deposition Technology
The basic reaction in the chemical vapor deposition of diamond is simple [9.12].
It involves the decomposition of a hydrocarbon, such as methane, as follows:
The carbon species must be activated, since at low pressure graphite is thermodynamically stable and, without activation, only graphite would be formed. Activation is obtained by two basic methods: high temperature and plasma, both of which require a great deal of energy.
Several CVD processes based on these two methods are presently in use. The four most important activation methods at this time are
1. High-frequency, plasma glow discharge using the microwave and radiofrequency processes 2. Plasma arcing using the direct-current arc and radiofrequency arc processes 3. Thermal CVD using the hot-filament process 4. Combustion synthesis using an oxyacetylene torch Plasma arcing and combustion synthesis have high substrate deposition rates [9.6, 9.12]. For example, the mass deposition rate using a direct-current arc jet was 20 carats/hr in 1997 ( Diamond has been deposited from a large variety of precursors, including methane, aliphatic and aromatic hydrocarbons, alcohols, ketones, and solid polymers such as polyethylene, polypropylene, and polystyrene [9.12]. These substances generally decompose into two stable primary species: the methyl radicals (CH 3) and acetylene (C2H4). The radical is the key compound in generating the growth of CVD diamond.
Characterization of CVD Diamond
A variety of techniques can be used to characterize CVD diamond films: scanning and transmission electron microscopy (SEM and TEM), to determine surface morphology, microstructure, and grain size; surface profilometry and scanning probe microscopy such as atomic force microscopy (AFM), to measure surface roughness and to determine surface morphology; Rutherford backscattering (RBS) and hydrogen forward scattering (proton recoil detection), to determine the composition including hydrogen; Raman spectroscopy, to characterize atomic bonding state and diamond quality; and x-ray diffraction, to determine the crystal orientation of diamond growth.
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It isgenerally accepted that, foramaterial toberecognized asdiamond, itmust have allofthefollowing characteristics: 1.A clear, sharp diamond peak at1332 cm1ill theRaman spectrum 2. A crystalline morphology visible bySEMorTEM 3. A single-phase diamond crystalline structure detectable byx-ray orelectron diffraction
Examples ascase studies havebeen prepared focusing attention primarilyon microwave-plasma-assisted CVDdiamond filmsand are described inthefollowing subsections.
9.4.1Surface Morphology and Roughness
The surface morphology and roughness of CVD diamond films can be controlled by varying the deposition parameters, such as gas-phase chemistry parameters and temperatures (e.g., see Table 9 .1 and [9.19]). observed in the RBS spectrum. From both the RBS and HFS spectra it is estimated that the fine-grain diamond film consists of 97.5 at. % carbon and 2.5 at. % hydrogen.
(In contrast, the medium-and coarse-grain diamond films contained less than 1 at.% hydrogen [9.19] .) Both carbon and hydrogen are uniformly distributed in the finegrain diamond film from the top of the surface to the silicon substrate.
The RB S analytical results can also be used to determine diamond film thickness. More diamond was produced in the medium-grain CVD diamond films (e.g., Fig. 9.9 in these diamond films. The Raman spectrum of the coarse-grain diamond film was similar to that of the medium-grain diamond film.
Microstructurc
X-ray diffraction analysis (XRD) is used to determine the structure and crystal orientation of the CVD diamond films. 
General Properties of CVD Diamond
Diamond consists of light carbon atoms held together by strong forces, and this combination produces many extreme properties. Table 9 .2 also includes optical, electrical, and semiconductor properties of diamond as a reference.
Friction and Wear Properties of CVD Diamond
Humid Air and Dry Nitrogen Environments
The tribological properties of CVD diamond are similar to those of natural and synthetic diamond. The coefficient of friction and wear resistance of CVD diamond are generally superior in the atmosphere. However, the environment to which a CVD diamond film is exposed can markedly affect its tribological properties, such as friction and wear behavior. They vary with the environment, possessing a Jekylland-Hyde character [9.19] .
When the fine-, medium-, and coarse-grain diamond films characterized in Section 9.4 were brought into contact with a natural diamond pin in reciprocating sliding motion in air and in nitrogen, the coefficients of friction varied as the pin traveled back and forth (reciprocating motion), retracing its tracks on the diamond films ( Fig. 9.14) .
NASA/TM--1999-107249, Chapter 9 Both in humid air at a relative humidity of 40% and in dry nitrogen, abrasion occurred and dominated the friction and wear behavior. The bulk natural diamond pin tended to dig into the surface of diamond films during sliding and produce a wear track (groove). SEM observations of the diamond films indicated that small fragments chipped off their surfaces. When abrasive interactions between the diamond pin surface and the initially sharp tips of asperities on the diamond film surfaces were strong, the friction was high (points A in Fig. 9.14) . The surface roughness of diamond films can have an appreciable influence on their initial friction (i.e., the greater the initial surface roughness, the higher the initial coefficient of friction, Fig. 9.15(a) ). Similar frictional results have also been found by other workers on single-crystal diamonds [9.31] and on diamond coatings [9.32-9.34].
As sliding continued and the pin passed repeatedly over the same track, the coefficient of friction was appreciably affected by the wear on the diamond films ( Fig. 9. 14) (i.e., a blunting of the tips of asperities). When repeated sliding produced a smooth groove or a groove with blunted asperities on the diamond surface ( Fig. 9.16 ), the coefficient of friction was low, and the initial surface roughness effect became negligible. Therefore, the equilibrium coefficient of friction was independent of the initial surface roughness of the diamond film ( Fig. 9.15(b) ).
The generally accepted wear mechanism for diamonds is that of small fragments chipping off the surface [9.9, 9.19 ]. This mechanism is in agreement with the wear of diamond films. The wear rate is dependent on the initial surface roughness of the diamond films ( Fig. 9 .17), increasing markedly with an increase in initial surface roughness. The wear rates of the diamond films in humid air and in dry nitrogen are comparable to the wear rates of single-crystal diamonds and diamond films investigated by other workers [9.32, 9.35, 9 .36].
Ultra-High-Vacuum Environment
When the fine-, medium-, and coarse-grain diamond films were brought into contact with a natural diamond pin in unidirectional pin-on-disk sliding motion in vacuum, the coefficients of friction were high and varied with the number of passes [9.15] . In vacuum, as in humid air and in dry nitrogen, the bulk natural diamond pin dug into the surfaces of the diamond films during sliding and produced a wear track (groove, Fig. 9 .18). The groove surface was generally smoother than the original surface of the diamond films. Further analysis of the grooves by scanning electron microscopy revealed that the tips of the diamond coating asperities were worn smooth and that the gaps between asperities were filled by debris.
The coefficient of friction increased with an increase in the number of passes ( Fig. 9.19 ), just the opposite of what occurred in humid air and in dry nitrogen.
Further, the initial surface roughness of the diamond film had no effect on friction. frictionbehavior? Whichis moreimportant for diamond surfaces in vacuum, abrasion oradhesion? Removing some ofthe contaminant surface filmfromthe contact area ofdiamond films bysliding action resulted instronger interfacial adhesion between thediamond pinandthediamond filmsandraised thecoefficient of friction, asshown in Fig.9 
